Abstract Magnetic resonance spectroscopy (MRS) can explore aging at a molecular level. In this study, we investigated the relationships between regional concentrations of metabolites (such as choline, creatine, myo-inositol, and N-acetyl-aspartate) and normal aging in 30 cognitively normal subjects (15 women and 15 men, age range 22-82, mean=49.9±18.3 years) using quantitative proton magnetic resonance spectroscopy. All MR scans were performed using a 3 T scanner. Point resolved spectroscopy was used as the volume selection method for the region-of-interest and the excitation method for water suppression. Single voxel spectroscopy with short echo time of 39 ms and repetition time of 2,000 ms was employed.
Introduction
Aging is accompanied by cognitive decline in a major segment of the population and is the primary risk factor for Alzheimer's disease and other prevalent neurodegenerative disorders. Despite this central role in disease pathogenesis and morbidity, the aging of the brain has not been well understood at a molecular level (Yankner et al. 2008) .
Proton magnetic resonance spectroscopy ( 1 H-MRS) can measure metabolite levels by using proton signals from the metabolites (Martin 2007) . It is a noninvasive clinical tool and has been applied to study neurodegenerative diseases and aging (Kantarci et al. 2000) . A previous 1 H-MRS study of purified brain cell cultures found that each neural cell type had a characteristic metabolic pattern, and N-acetyl aspartate (NAA) was specific for mature neurons (Urenjak et al. 1993 ).
Many studies of 1 H-MRS in normal aging have been published and a literature review of these studies in the normal aging brain can be found in a recent publication (Reyngoudt et al. 2012) . Some studies employed absolute quantification (Brooks et al. 2001; Chang et al. 1996; Charlton et al. 2007; Gruber et al. 2008; Harada et al. 2001; Leary et al. 2000; Reyngoudt et al. 2012; Saunders et al. 1999; Schuff et al. 2001) , while others employed relative quantification (Angelie et al. 2001; Grachev et al. 2001) . Many researchers found that metabolite concentrations expressed as relative metabolite ratios could be misleading as the referenced metabolite (such as creatine) could change with aging (Chang et al. 1996; Leary et al. 2000; Reyngoudt et al. 2012; Saunders et al. 1999) . Moreover, there was clear evidence that relative quantification introduced larger errors than absolute quantification (Jansen et al. 2006 ).
Absolute quantification in 1 H-MRS can be achieved by several methods, mainly classified as using either internal or external references. For absolute quantification using internal reference, internal water is the standard reference (Jansen et al. 2006) . External methods include external concentration reference and phantom replacement external concentration reference. There is another relatively new external technique called "electric reference to access in vivo concentrations" (Heinzer-Schweizer et al. 2010 ). Both internal and external methods were used in previous aging studies (Brooks et al. 2001; Chang et al. 1996; Charlton et al. 2007; Gruber et al. 2008; Harada et al. 2001; Leary et al. 2000; Reyngoudt et al. 2012; Saunders et al. 1999; Schuff et al. 2001 ).
There appears to be a general consensus that there are age-related increases in total creatine (Cr) and choline (Cho) in either gray matter (Chang et al. 1996) or white matter (Gruber et al. 2008; Leary et al. 2000) or both (Angelie et al. 2001; Pfefferbaum et al. 1999) , although no significant change in either Cho (Charlton et al. 2007; Harada et al. 2001; Reyngoudt et al. 2012; Saunders et al. 1999; Schuff et al. 2001) or Cr or both (Brooks et al. 2001 ) with age has been also reported. Such age-related increases might be explained by glial proliferation in normal aging (Finch 2003; Mrak and Griffin 2005) , as higher concentrations of these metabolites were found in glial cells (Urenjak et al. 1993) .
Another metabolite which is also related to glial cells is myo-inositol (mI). Most of the mI is present in the glial cells (Glanville et al. 1989) . mI levels were reported to be increased with age (Chang et al. 1996; Gruber et al. 2008; Raininko and Mattsson 2010; Reyngoudt et al. 2012) or not change with age (Leary et al. 2000; Saunders et al. 1999) . Increased mI levels might indicate glial proliferation and gliosis (Ross et al. 1998) .
The most controversial metabolite in the normal aging brain is NAA. In most of the prior studies, NAA was reported to decrease (Brooks et al. 2001; Gruber et al. 2008; Harada et al. 2001) or have no change with age (Chang et al. 1996; Harada et al. 2001; Leary et al. 2000; Pfefferbaum et al. 1999; Reyngoudt et al. 2012; Saunders et al. 1999) . However, an increase in NAA in the frontal and parietal cortices was found in two 1 H-MRS imaging studies (Charlton et al. 2007; Schuff et al. 2001) . In one recent study, absolute concentration of NAA showed a nonsignificant trend to increase with age (Reyngoudt et al. 2012.) Early neuropathological studies suggested some neuronal loss with age in all cortical layers (Brody 1955 ) and a 10-60 % decline in cortical neuron density with aging (Coleman and Flood 1987) . The accuracy of these studies was questioned with the development of stereological method in the early 1990s (Morrison and Hof 1997; West et al. 1994) . The resulting conclusion was that significant cell death in the hippocampus and neocortex was not characteristic of normal aging (Bishop et al. 2010; Burke and Barnes 2006; Yankner et al. 2008) .
Recently, no brain atrophy and, in fact, neuronal hypertrophy were found in asymptomatic Alzheimer's disease (Iacono et al. 2008; O'Brien et al. 2009; Riudavets et al. 2007 ). In the Baltimore Longitudinal Study of Aging autopsy series, asymptomatic Alzheimer's disease represented approximately 50 % of individuals with preserved cognition beyond 75 years of age, who tended to overlap with normal aging clinically. This group of individuals seemed to be resistant to the toxic effects of Alzheimer's disease (AD) pathology (O'Brien et al. 2009 ).
Functional neuroimaging techniques such as 18 Ffluorodeoxyglucose positron emission tomography ( 18 F-FDG PET) and functional magnetic resonance imaging (fMRI) have provided insights into the aging brain (Hedden and Gabrieli 2004) . A recent PET study showed that the anterior cingulate cortex (ACC) was involved in normal aging (Pardo et al. 2007 ). The ACC has recently become a focus for aging research because of its implicated role in attention and mood regulation. A fMRI study in older adults also demonstrated an increase in blood oxygen level-dependent (BOLD) signal in the ACC during the Stroop task (Milham et al. 2002) .
A molecular imaging modality such as 1 H-MRS could be useful to look for any metabolic evidence to address the above neuropathogical and neuroimaging findings. Of all brain regions which are believed to be closely associated with AD (i.e., posterior cingulate cortex (PCC), ACC, and hippocampus), only the ACC has not been subject to thorough investigation (Hirono et al. 1998; Liang et al. 2008; Minoshima et al. 1997; Reiman et al. 1996; Wang et al. 2009 ).
In the current study, we employed 3 T 1 H-MRS to study metabolic changes in the limbic system with aging. Internal water was used as a reference for absolute quantification and several correction factors, such as cerebrospinal fluid (CSF) normalization and T1 and T2 relaxation times, were taken into account to enhance the accuracy (Charlton et al. 2007; Harada et al. 2001; Reyngoudt et al. 2012) . We attempted to evaluate (a) any changes in neural tissue composition with aging, as measured by absolute quantification of metabolites such as NAA, Cho, Cr, and mI using 1 H-MRS at 3 T, and (b) any metabolic changes in the limbic system (ACC, PCC, left and right hippocampi) with aging.
Methods

Subjects
Thirty healthy cognitively normal, right-handed Chinese controls (15 women, 15 men) were recruited in the study. Subjects were within the age range of 22 to 82 (mean=49.9±18.3) years. They were stratified into three age groups, 20-39, 40-59, and 60-89, with ten subjects for each. All of their Mini-Mental State Examination (MMSE) scores were 28 or above. Subjects were screened and excluded for high systolic blood pressure (>140 mmHg), previous cerebrovascular events, and claustrophobia. For all subjects, the exclusion criteria also included history of stroke; head injury; seizures; migraine; cancer within 5 years; active infection; end-stage renal or other organ failure; nonambulatory, psychiatric diseases; regular alcohol drinkers; and drug abusers.
We interviewed subjects aged 60-89 to gather sociodemographic data, self-reported smoking and alcohol history, drug or substance abuse, history of memory impairment and cognitive complaints, past medical history, and related medications. These subjects underwent full physical and neurological examination, standardized cognitive assessments, and a 1-hour battery of neuropsychological tests, as reported in our previous studies (Chu et al. 2009 ). Standardized cognitive assessment tools including the Chinese versions of the MMSE (Chiu et al. 1994 ), Alzheimer's Disease Assessment Scale-cognitive subscale (Chu et al. 2000) , and Delayed 10-Word Recall Test were used. For verbal memory, the Logical Memory subtest from the Wechsler Memory Scale-third edition and the Free and Cued Selective Reminding Test were administered (Petersen et al. 1992; Weschler 1997 ).
Subjects aged 20-59 were recruited from the university staff and students. They did not have any history of neurological disease and were not taking any psychiatric drug. They attended the university health clinic for routine check-up, which included blood pressure checking as well as clinical and physical examination by a registered medical practitioner. No memory deficit was detected on assessment. All subjects gave their informed consent to participate. The study was approved by the Institutional Review Board of The University of Hong Kong/Hong Kong West Cluster.
Data acquisition
All MR scans were performed using a 3 T scanner (Achieva 2.6.3, Philips Healthcare, Best, The Netherlands). A sensitivity encoding (SENSE)-head-8-coil was used. A standardized T1W 3D volumetric fast field echo (FFE) sequence was employed with the following imaging parameters: repetition time TR/TE= 7.0/3.2 ms, voxel size=1×1×1 mm 3 , field of view= 256×256×167 mm 3 , reconstruction matrix=256, and turbo field echo factor=240. Images acquired from T1W 3D FFE were employed for the positioning of single voxel spectroscopy (SVS) for MRS. Axial T2-weighted fast spin-echo images (TR/TE=3,000/80 ms, flip angle 90°, slice thickness 5 mm, ETL 16) were also acquired to exclude structural abnormalities.
T1 and T2 images were interpreted by an experienced neuroradiologist (HKFM). All T1 images were normal. Four subjects within the 60-89 age group had scattered nonspecific punctuate T2 abnormalities in subcortical and deep white matter. Therefore, they were not excluded from the study (Reyngoudt et al. 2012) .
Point resolved spectroscopy (PRESS) was used as the volume selection method for the region-of-interest and the excitation method for water suppression. Scanning parameters are TR/TE=2,000/39 ms, number of signals averaged=128, phase cycles=16, spectral width=2,000 Hz with spectral resolution of 1.95 Hz per point, and free induction decay=1,024. For shimming, pencil-beam-auto was employed. Voxels of size 2×2×2 cm 3 were placed in the ACC (Figs. 1 and 2) and PCC ( Fig. 1 ). For the left and right hippocampi, voxels were of size 2.5×1.5×1 cm 3 ( Fig. 1 ). The whole scan time was approximately 50 min.
In addition, using PRESS as a method for volume selection and the excitation method for water suppression, T1 and T2 relaxation times of various metabolites and water were measured in five subjects in the young age group of 20-39. T1 relaxation times were measured by a series of SVS MRS scans, with TR=900, 1,200, 2,000, 3,000 and 5,000 ms and TE=144 ms. For the determination of T2 relaxation times, similar techniques were employed, with a series of SVS MRS scans at TE= 35, 60, 90, 120, 150, 180, 288 , and 408 ms and TR= 2,250 ms. Voxel sizes in both T1 and T2 metabolite determinations were 2×2×2 cm 3 for ACC and PCC and 2.5×1.5×1 cm 3 for the left and right hippocampi.
Data analysis
MRS
In this study, two MRS files were generated simultaneously by our scanner. One file was the actual (suppressed) MRS data, and the other file was the unsuppressed water signal intensity MRS file. For our absolute concentration calculation, the unsuppressed water signal intensity was used as internal reference. The MRS spectra were processed with an offline Java-based version of jMRUI (4.0) software. Spectrum simulation of various metabolites was completed using the built-in NMR-SCOPE. Signal amplitudes were determined using QUEST (quantification based on quantum estimation). The unsuppressed water signal was also measured using jMRUI. Cho, Cr, mI, and NAA were measured and quantified. T1 and T2 values were calculated as described in a previous study (Träber et al. 2004) (Figs. 3, 4 , 5, and 6).
Image processing
Variations in water content in gray matter (GM), white matter (WM), and CSF account for metabolite concentration differences, which affect the accuracy in absolute quantification. To ensure metabolite concentration differences were not due to tissue composition, voxel-based morphometry (VBM) was used to determine the GM, WM, and CSF composition within the voxel of each of the four regions investigated (Mak et al. 2011 ).
VBM segmentation
High-resolution 3D FFE T1 images were processed using the VBM8 toolbox (C. Gaser, structural Brain Imaging Group, Department of Psychiatry, University of Jena; http://dbm.neuro.uni-jena.de/vbm/) within an SPM8 environment (Wellcome Department of Imaging Neuroscience Group, London, UK; http:// www.fil.ion.ucl.ac.uk/spm) on the MATLAB R2009a (MathWorks, Natrick, MA, USA) platform. Segmenation was performed using the default parameters in VBM8 with Hidden Markov Random Field Model. Segmented WM, GM, and CSF images were normalized to the ICBM-152 template (Montreal Neurological Institute) and saved in native space for later analysis.
Coregistration of the four SVS with the 3D FFE T1 images was performed and each individual single voxel was then overlapped with the segmented masks generated from SPM. The percentages of GM, WM, and CSF were calculated using MATLAB.
Absolute quantification
The T1 and T2 values for different metabolites were employed in the absolute quantification as mentioned above. The equation for absolute quantification is (de Graff 2007)
[met] is the concentration of the metabolite; f_CSF is the fraction of CSF; S m is the signal intensity of the metabolite; S H 2 O is the signal intensity of the unsuppressed water signal intensity; [H 2 O] is the concentration of water which is 55,509 mmol kg
; C wc is the correction factor of the relative water content (GM constitutes 82 % water, WM constitutes 73 % water, CSF constitutes 98 % water) (de Graff 2007); C T1 is the correction factor of the metabolite T1 value calculated as T 1 met =T 1 H 2 O2 (T1 mI was obtained from the literature) (Reyngoudt et al. 2010 ); C T2 is the correction factor of the metabolite T2 value calculated as T 2 met =T 2 H 2 O2 ; and C n is the correction factor for the number of magnetically equivalent nuclei, found by the number of n met =n H 2 O2 (n=2 for H 2 O and mI, n=9 for Cho, n=3 for Cr, and n=3 for NAA).
GM, WM, and CSF percentages of each SVS (as discussed in "Image processing") were used in CSF normalization factor (1/1−f_CSF) and C wc . As for C wc , the percentages of GM, WM, and CSF (as discussed in "Absolute quantification") were used to calculate the relative water content (de Graff 2007).
Statistical analysis SPSS 20.0 was employed for statistical analysis. A Pearson correlation coefficient was calculated to assess the correlation between metabolite concentrations and age. A one-way ANOVA was used to further explore the differences in metabolite concentrations among the three age groups. To investigate the gender effect on the metabolite concentrations, a two-samples t-test was used. A Fig. 3 a, b Example of spectra in jMRUI. The simulated spectrum of a 41-year-old subject's anterior cingulate cortex, using the parameter QUEST in jMRUI (a). In b, the spectrum obtained from the subject (red) was superimposed on the estimated spectrum (blue) from QUEST Fig. 4 a, b Example of spectra in jMRUI. The simulated spectrum of a 41-year-old subject's posterior cingulate cortex, using the parameter QUEST in jMRUI (a). In b, the spectrum obtained from the subject (red) was superimposed on the estimated spectrum (blue) from QUEST linear regression analysis was conducted to assess the effect of age and gender on the metabolite concentrations. The level of significance was set at 0.05.
Results
Mean concentrations
Mean absolute concentrations of Cho, Cr, mI, and NAA in the ACC, PCC, left hippocampus, and right hippocampus are shown in Table 1 .
Age effect on metabolite concentrations
Clearly, the ACC and PCC revealed significant positive correlation of Cho, Cr, and NAA concentrations with age (Table 2) . The left and right hippocampi showed no significant result, except a positive correlation was detected for NAA with age in the left hippocampus.
Further analysis by age groups also revealed that the significant differences in Cho, Cr, and NAA concentrations were clearly found in the ACC and PCC (Table 3 ). In the ACC, an increasing trend was Fig. 5 a, b Example of spectra in jMRUI. The simulated spectrum of a 41-year-old subject's left hippocampus, using the parameter QUEST in jMRUI (a). In b, the spectrum obtained from the subject (red) was superimposed on the estimated spectrum (blue) from QUEST Fig. 6 a, b Example of spectra in jMRUI. The simulated spectrum of a 41-year-old subject's right hippocampus, using the parameter QUEST in jMRUI (a). In b, spectrum obtained from the subject (red) was superimposed on the estimated spectrum (blue) from QUEST observed for Cho, Cr, and NAA. In the PCC, the young age group (20-39 years) showed significantly lower levels of Cho and NAA than the other two age groups (40-89 years), while an increasing trend was observed for Cr. No significant correlation of mI with age is seen in all regions.
Gender effect on metabolite concentrations
No significant gender effect on metabolite concentrations was found, except that a significantly lower level of Cr in males in the PCC was observed (Table 4) .
Age and gender effect on metabolite concentrations
Using linear regression analysis, results of age and gender effects on metabolite concentrations are presented in Table 5 . Broadly consistent with the findings in Tables 2 to 4, positive age effect was only found in the ACC and PCC, and no significant gender effect on metabolite concentrations was detected.
Discussion
Our study highlighted the metabolic changes in the ACC and PCC of the normal aging brain (Table 2) . In our study, we found that Cho significantly increased with age, with a Pearson correlation coefficient of r= 0.545 (p=0.002) and r=0.614 (p<0.001) in the ACC and PCC, respectively. These results were in concordance with previous studies (Chang et al. 1996; Gruber et al. 2008; Leary et al. 2000) . Chang et al. suggested that since Cho was a marker of cell membrane turnover, an increase of Cho might imply rapid membrane phospholipid synthesis and related degradation. Leary et al. reported that the biological significance of increasing Cr and Cho with age was unclear, although higher concentrations of these metabolites were found in glial cells (Urenjak et al. 1993 ).
Increasing glial cell population was previously found to correlate with normal aging in the midfrontal cortex in a neuropathological study based on cell size (Terry et al. 1987) . Another study employed an immunohistochemical technique in the mesial temporal lobe, which showed that normal aging was accompanied by dramatic activation of, and cytokine overexpression in, microglia and astrocytes (Mrak and Griffin 2005) . Activation of astrocytes and microglia early in aging was also found in other studies (Finch 2003) . A later neocortical immunocytochemical study found that the microglia was significantly increased in asymptomatic AD cases compared to controls (O'Brien et al. 2009; Vehmas et al. 2003) . The absolute Cho concentration increase in our study supported glial proliferation during aging. We suspect that, in addition to the aging effect, potential lesions of asymptomatic AD patients might have exacerbated the Cho increase. Our finding of an age-related Cr increase with age in the ACC and PCC, with a Pearson correlation coefficient of r=0.571 (p=0.001) and r=0.670 (p< 0.001), was consistent with recent studies (Chang et al. 1996; Charlton et al. 2007; Gruber et al. 2008; Leary et al. 2000; Reyngoudt et al. 2012; Saunders et al. 1999; Schuff et al. 2001 ). However, another study claimed that there was no significant change of Cr with age (Brooks et al. 2001) . Cr is considered as a cerebral metabolism marker and an energy reservoir (Imamura 2003) . Charlton et al. postulated that an increase in total Cr might indicate reduction of cellular capacity to generate energy with age, evidenced by a prior rat study (Smith et al. 1997) . Our finding might otherwise signify increasing number of glial cells in the related region as suggested by other researchers (Charlton et al. 2007; Leary et al. 2000; Reyngoudt et al. 2012; Saunders et al. 1999 ). Reyngoudt et al. found an age-related increase of Cr in the posterior cingulate gyrus (Pearson correlation coefficient=0.57), but not in the left hippocampus. There was also an age-related increase in mI in both the posterior cingulate gyrus and the left hippocampus in their study, which seemed to support gliosis as an underlying cause.
In our study, we found no significant correlation between mI and aging, likely the result of a high degree of error in the measurement of mI (Table 1) . Since mI is strongly coupled, some of the peaks will overlap. Elevated mI levels had been observed in mild cognitively impaired and AD patients. The mI levels in cognitively normal subjects are low and easily affected by a distorted baseline, overlapping of peaks, and noise from the background, as observed in our results.
It was interesting to discover a significant NAA increase with age in the ACC (r=0.674, p<0.001), PCC (r=0.528, p=0.003), and left hippocampus (r= 0.409, p=0.025). Although most studies reported a significant age-related decrease (Brooks et al. 2001; Gruber et al. 2008; Harada et al. 2001) , an increase in NAA was also found in two previous studies, involving the centrum semiovale white matter (Charlton et al. 2007 ) and the frontal white matter (Schuff et al. 2001 ). However, both authors attributed this observation to be technically related, i.e., variations in T1 and T2 metabolite relaxation times in aging. Since NAA is thought to reflect density and integrity of neurons, this result appears counterintuitive (Charlton et al. 2007 ). However, we postulated that it might serve as an important link or explanation for the recent findings reported in the literature by various fMRI, 18 F-FDG PET, and neuropathological studies.
A prior fMRI study involving the Stroop task showed an increased activation of the ACC in older participants (Milham et al. 2002) . Elderly adults attained higher sensitivity to competing color information in order to accomplish the same task as young adults. This finding reflected an age-related decrease in effectiveness of attentional control in the anterior cingulate. Other fMRI studies have also found that elderly individuals showed greater functional activation of brain regions (usually in the prefrontal cortex) than younger adults and that such additional activations were often seen in high-performing older adults (Cabeza et al. 2002; Reuter-Lorenz and Cappell 2008) . The authors proposed the "compensation hypothesis" to account for this phenomenon. Decline in frontal glucose metabolism involving the ACC/medial frontal cortex was correlated with a decline in cognitive function in a PET study of normal aging (Pardo et al. 2007 ). The authors suggested that decreased glucose uptake in the ACC or other medial regions might reflect structural atrophy.
Besides ACC, PCC and hippocampi activations were also reported in the BOLD fMRI studies of aging. One fMRI study reported that older adults had a significantly larger magnitude of activation than younger adults when performing famous name recognition (Nielson et al. 2006 ). The regions which showed such activation included the right hippocampus and the bilateral PCC. Another fMRI study based on an associative encoding task showed that there was no significant difference in hippocampal activation between young and old subjects (Sperling et al. 2003) , while another study on autobiography memory retrieval only showed that the right hippocampus of older subjects was more activated than the younger group when retrieving autobiographical events (Maguire and Frith 2003) .
Our current findings thereby provide a neural basis for their observations. Although the neural mechanism underlying the compensation activity was far from being understood (Hedden and Gabrieli 2004) , there is a rapidly growing amount of literature linking NAA to cognitive functions such as intelligence, working memory, attention, and logical and verbal memory (Ross and Sachdev 2004) . A prior neurodevelopmental study using 1 H-MRS suggested that better working memory performance was associated with greater levels of NAA due to increased dendritic branching (Yeo et al. 2000) . A recent neuropathological study (O'Brien et al. 2009 ) proposed that the group of "successful aging" (i.e., without clinical or neurological impairment) elderly individuals was not homogeneous. In their study, some individuals were practically free of neuropathology but others bore abundant AD lesions. The authors concluded that this latter group (termed as asymptomatic AD) with marked neuronal hypertrophy (in the hippocampus, ACC, and PCC) might account for the functional compensation reflected in the different clinical outcome compared to mild cognitive impairment and AD subgroups. Interestingly, a recent 1 H-MRS study (Shinno et al. 2007) found that an increase in NAA in the ACC might protect Alzheimer's disease patients from developing behavioral and psychological symptoms. The study demonstrated that the neuropsychological scores (on a fourpoint scale of increasing severity) obtained in two categories of BEHAVE-AD (delusional thought and activity disturbance) were negatively related to NAA/Cr in the ACC, but not in the posterior cingulate gyrus. Arterial spin labeling fMRI was employed (Restom et al. 2007 ) to compare measures of CBF and BOLD responses in the medial temporal lobe to a memory encoding task between healthy young and elderly adults. The older adults showed higher BOLD response, which was related to lower baseline CBF, via the socalled "M" factor in the calibrated fMRI literature (Ances et al. 2008) . However, it is important to emphasize that lower baseline CBF does not mean lower brain metabolism (oxygen or glucose) in the context of aging. In fact, recent literature suggested that baseline brain oxygen metabolic rate is greater in the older individuals (Lu et al. 2011) , presumably related to lower efficiency in mitochondria and neuronal functions. This concomitant increase in metabolic demand and decrease in blood supply of course will result in a higher oxygen extraction fraction (OEF) with age, which has been confirmed as well (Lu et al. 2011) .
In summary, our interpretation of the present findings and the literature is that, with age, brain glucose and oxygen utilization increases to compensate for lower efficiency, which results in an increase in NAA. On the other hand, vascular function deteriorates with age (due to possibly multiple factors such as hypertension, atherosclerosis, arteriosclerosis, and amyloid angiopathy), thus CBF is decreased. This combination of higher demand and lower supply results in a greater OEF and lower baseline venous oxygenation, which according to BOLD signal model, would correspond to a greater fMRI response.
In our study, no significant gender effect on metabolite concentrations was found, except that a significantly lower level of Cr in males in the PCC was observed. Gender-related differences had been reported in prior studies but gender effect on metabolite concentrations is still controversial (Reyngoudt et al. 2012) .
The current study had several methodological improvements compared to prior studies. Firstly, CSF normalization, T1 and T2 correction factors were implemented in the calculation of the absolute metabolite concentrations. In absolute quantification, correction factors for T1 and T2 are essential. Therefore, T1 and T2 correction factors were decided to be measured within the cohort, rather than relying on literature values to acquire more accurate results. To be ideal, metabolite concentrations should be corrected for individual T1 and T2, given interparticipant variability. However, the whole scan took around 150 min and the elderly subjects might not be able to withstand such a relatively long scan time. Therefore, a reasonable sample of five participants (17 % of the cohort) was chosen for the T1 and T2 relaxation time measurement. To our knowledge, only three prior 1 H-MRS studies corrected for T1 and T2 values (Brooks et al. 2001; Gruber et al. 2008; Reyngoudt et al. 2012) , and these studies found no significant age dependence. Nevertheless, one study showed that there was a significant relation between T1 and T2 of various metabolites and age. For example, T2 of NAA showed a significant increase with age (Kreis et al. 2005) .
In addition, T1 and T2 values of various metabolites vary in different regions, performance of scanners, and sequence designs. Compared to a study (Mlynarik et al. 2001 ) which used stimulated echo acquisition method as a method for volume selection and inversion times (TI) for calculation of T1, our measured T1 values of Cho, Cr, and NAA in ACC are 22.6, 28.6, and 35.4 %, respectively, larger using our PRESS method. Also, in contradistinction to Mlynariky's study, we used eight time points instead of five for the measurement of T2 values. In short, the accuracy of this study was higher since we measured individual T1 and T2 values for each metabolite within each region of interest.
Secondly, there are few high-field 1 H-MRS studies on aging (Gruber et al. 2008; Reyngoudt et al. 2012) . In high field in vivo 1 H-MRS, signal-to-noise intensity is tremendously improved, thus giving a higher quality 1 H-MRS (Ugurbil et al. 2000) . High field 1 H-MRS can give spectral lines of higher resolution due to improved chemical shift dispersion and reduced higher order coupling effect. Therefore, accuracy in measuring metabolite concentrations using absolute quantification could be enhanced (Gruetter et al. 1998) .
Thirdly, as for the data analysis tool, the LCModel was mostly employed in other studies (Gruber et al. 2008; Leary et al. 2000) , while QUEST was chosen to be the quantification parameter in jMRUI due to its robustness in this study. LCModel spectra are based on individual metabolite solutions. For QUEST, the spectrum is simulated using the built-in NMR-SCOPE algorithm. Since signals obtained at short echo time contain overlapping spectral components from many metabolites, QUEST can provide the optimal fitting of metabolite basis-set signals to contaminated data by a parametric nonlinear least squares fitting of the untangled metabolite signals (Stefan et al. 2009 ).
The major limitation of the current study would be the relatively small sample size of 30 subjects. Hence, our study is a pilot investigation and a further large-scale study is warranted. Secondly, no significant correlation of the metabolite concentrations of bilateral hippocampi with aging was found (except NAA in the left hippocampus), which might be due to technical factors such as smaller voxel size (hippocampal voxel of 3.75 cm 3 versus cingulate voxel of 8 cm 3 ). Future study with appropriate voxel size is suggested to clarify the issue. Thirdly, comparisons between different studies were difficult due to inherent variable study designs, i.e., different brain regions under investigation, MRS sequences (SVS versus chemical shift imaging), and CSF adjustment methods.
In conclusion, our 1 H-MRS findings highlighted the metabolic changes of the ACC and PCC in normal aging. Significant increases in Cho and Cr might suggest glial proliferation, and an increase in NAA might indicate neuronal hypertrophy. These findings seemingly provide the neuronal basis of a compensatory response to increased oxygen utilization despite a lower resting cerebral blood flow with age, evidenced by recent BOLD fMRI studies. Our study revealed an unrecognized role of the ACC in the aging brain, which might help to distinguish normal from pathological agerelated cognitive changes. This study also showed that implementation of various correction factors is essential for absolute quantification of metabolites.
